Abstract. Most wildfires in Kentucky occur in the heavily forested Appalachian counties in the eastern portion of the state. In the present study, we reconstructed a brief fire history of eastern Kentucky using Landsat Thematic Mapper and Enhanced Thematic Mapper Plus images acquired between 1985 and 2002. We then examined relationships between fire occurrence and area burned, and abiotic and human factors. Abiotic factors included Palmer Drought Severity Index, slope, aspect, and elevation, and human factors included county unemployment rates, distance to roads, and distance to populated places. Approximately 83% of the total burned area burned only once, 14% twice, and 3% thrice. More fires burned in the winter compared with the fall, but the latter fires were larger on average and accounted for ∼71% of the total area burned. Fire size was negatively correlated with Palmer Drought Severity Index for certain times of the year. There were significant relationships between elevation and slope and fire occurrence, but not between aspect and fire occurrence. We found links between fire location and proximity to roads and settlements, but we found no correlations between monthly unemployment rates and arson-caused fires.
Introduction
Most forest fires in Kentucky occur in the heavily forested Appalachian counties in the eastern part of the state. Although the fires are usually of low intensity and rarely kill trees in the short-term, they damage the base of most trees, reducing overall timber yield and quality in the long term. Variation in spatial and temporal scale of fire events can greatly affect patterns of species response, but the specifics of such patterns and their mechanisms are poorly understood (Christensen 1991) . A better understanding of how fire influences ecological processes can be partly achieved by reconstructing past fire regimes (intensity, frequency, spatial extent, and type of fire). Multi-year records of the distribution, timing, and frequency of fires would identify forest stands with contrasting fire regimes for detailed future ecological studies. Existing forest fire databases at both the Kentucky Division of Forestry and the Daniel Boone National Forest (Kentucky's only National Forest) contain rough estimates of fire size and general fire location, but fire boundaries are relatively unknown or inexact. The objectives of the present study were: (1) to reconstruct a recent fire history of eastern Kentucky from Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) images acquired between 1985 and 2002; and (2) to identify and describe the human and abiotic factors that influence fire occurrence.
Background

Remote sensing to reconstruct fire history
Researchers worldwide have used remote sensing to reconstruct recent fire history in Mediterranean ecosystems (e.g. Salvador et al. 2000; Diaz-Delgado and Pons 2001) , temperate grasslands (e.g. Russell-Smith et al. 1997; Bowman et al. 2004 ) and savanna woodlands (e.g. Hudak and Brockett 2004) . Techniques used in these reconstructions and the level of success attained vary among ecosystems owing to vegetation regeneration characteristics, data availability, and ancillary data used. In ecosystems with stand-replacing fire regimes, such as Mediterranean ecosystems, fire scars can be delineated using post-fire imagery that contrasts unburned healthy vegetation with a lack of vegetation within the burned area (Grau 2001; Lloret et al. 2002) . In other ecosystems, where vegetation is not completely removed or fires occur below the forest canopy (surface fires), mapping fire scars can be more challenging. In deciduous forests of the eastern United States, fires typically occur during the leaf-off period in fall and winter when the forest floor is relatively unobstructed. This enables researchers to identify recently burned areas using satellite data (Maingi 2005) . However, evidence of fire becomes obscured once trees leaf out the following spring and when the next fall's leaves cover the ground. Therefore, it is critical to map fires using imagery obtained during leaf-off periods for each year of interest.
Techniques for reconstructing fire history have typically included multi-temporal image datasets such as Landsat MultiSpectral Scanner (MSS) from the early 1970s to 1992 (e.g. Minnich 1983; Russell-Smith et al. 1997; Salvador et al. 2000) , and combinations of MSS data with Landsat TM and ETM+ data (e.g. Diaz-Delgado and Pons 2001; Hudak and Brockett 2004) . Image enhancements used to map historical fires have varied across ecosystems. Minnich (1983) visually interpreted false-colour composite hardcopies of Landsat MSS data to characterise fire regimes from 1972 to 1980 in a Mediterranean-type habitat of southern California and northern Mexico. In another Mediterranean-type ecosystem, Salvador et al. (2000) calculated the normalised difference vegetation index using a long timeseries of Landsat MSS data between 1975 and 1993 to produce map series of fire history and frequencies for an area in northeast Spain. In a southern Africa savanna environment, Hudak and Brockett (2004) used principal components analysis (PCA) to produce 22 annual fire scar maps between 1972 and 2002 . Russell-Smith et al. (1997 used visual interpretation of Landsat MSS data and field observations to map fire scars in Kakadu National Park, monsoonal northern Australia, and found 80% agreement between interpreted fire history and ground-based data. Bowman et al. (2004) also used visual interpretation (Landsat TM data) with ground surveys (and helicopter surveys) to map burned areas in the Arnhem Land Plateau in the Northern Territory of Australia. They found a 96% agreement between field and visual interpretation methods .
Factors influencing fire occurrence
In the Daniel Boone National Forest, which is typical of forests in Eastern Kentucky, more than 75% of forest fires are caused by arsonists (DBNF 2005) . Another 15% of fires are caused by human accidents, whereas lightning causes less than 10% of fires. Clearly, humans play a significant role in forest fire occurrence in the region (over 90%). Forests of the Appalachian region have adapted to fires caused by Native Americans to improve hunting and prepare areas for agriculture (Pyne 1982; Pyne et al. 1996) . Following European settlement, human activities in eastern Kentucky that contributed to forest fires included agriculture and hunting (Pyne 1982; Pyne et al. 1996) .The prevalence of human ignitions in recent decades has motivated several researchers to investigate motives for setting fires (Doolittle and Lightsey 1979; Willis 2004; Prestemon and Butry 2005) . Traditional land uses incorporated fire for activities such as clearing underbrush, removal of pests (snakes and ticks), and improvement of pasture (Bolgiano 1998; Kuhlken 1999) . These activities continued during the 20th century, but were discouraged by land managers (Pyne 1982) . As a result, incendiary activities have been considered criminal by outsiders, but are often seen as beneficial by rural residents (Doolittle and Lightsey 1979) .Although there is a public perception that out-of-work residents will set fires to create fire-fighting jobs, we found no documentation to support this. In only one case did researchers interview an unemployed firefighter who had set fires to create work for himself (Doolittle and Lightsey 1979) .The majority of research into rural incendiarism has found that many fires are set for practical purposes (Doolittle and Lightsey 1979; Pyne 1982; Bolgiano 1998) , with fewer fires started as nuisance or revenge fires (Doolittle and Lightsey 1979; Kirby 1995) .
In other locations where humans play a significant role in fire occurrence, researchers have examined the relationships between human activities and fire occurrence (e.g. Cardille et al. 2001; Stephens 2005) . In Australia, Vigilante et al. (2004) found that fire frequency was highest on pastoral lands, and further away from roads (at distances of 5 to 25 km from roads compared with distances within 5 km of roads). Wildfires in several forests of the southern USA occurred more frequently on public lands than on industrial and non-industrial private forests, and the probability of wildfires increased with proximity to urban areas (Zhai et al. 2003) . In another study, Cardille et al. (2001) found areas with higher population density, higher road density, and lower distance to non-forest were more likely to burn in Minnesota, Wisconsin and Michigan in the 1985-1995 period. In the temperate rainforest of Vancouver Island, Pew and Larsen (2001) concluded that the probability of burning was negatively correlated with distances to municipalities, campgrounds, dirt roads, railroads, and paved roads. Recreation and miscellaneous fires tended to be significantly smaller than logging fires and were most common in areas with the highest probability of human-caused fires (Pew and Larsen 2001) .
Although humans are responsible for the vast majority of fire ignitions in eastern Kentucky, weather conditions, topography, and other abiotic factors play a critical role in fire spread and behaviour (Pyne et al. 1996) . In central Spain, Vazquez and Moreno (2001) found that fires aggregated on southern slopes and that areas that re-burned had low elevations and lower slopes, and were probably the more productive areas. In Australia, Vigilante et al. (2004) found the highest fire frequencies on basalt substrates, as edaphic factors drive vegetation patterns in the area. Pew and Larsen (2001) found that the probability of burning was positively correlated with summer temperature and negatively correlated with precipitation. Russell-Smith et al. (1997) also found relationships between precipitation patterns (dry v. wet season) and fire occurrence in Kakadu National Park, Australia.
Although these fire studies represent a variety of different ecosystems, similar patterns of fire occurrence have emerged. For example, fires often occur closer to human activities, such as roads and populated places (Russell-Smith et al. 1997; Cardille et al. 2001; Pew and Larsen 2001) . In the case of accidental fires, humans often inadvertently spread fire from their location (i.e. camp fire, cigarette from car window, etc.), so one would expect these fires to occur near roads, towns, and campgrounds. In the case of intentional fires, arsonists need access to wooded areas that provide an escape route. Thus, fewer fires occur in more remote areas. In terms of abiotic influences on fire, fire burns and spreads more easily in dry fuels (Pyne et al. 1996) . Topographic effects are more varied. Moisture differences and fuel loads are driven by topography, but these differences are more or less pronounced in different regions (i.e. steep or flat terrain, dry or moist climate).
Methods
Overview
Existing forest fire databases from both the Kentucky Department of Natural Resources and the Daniel Boone National Forest contain rough estimates of fire size and general fire location, but fire boundaries are relatively unknown or inexact when available. To address this problem, Maingi (2005) demonstrated that fire scars can be mapped reliably in the hardwood forests of eastern Kentucky using single-date Landsat TM and ETM+ images acquired at the end of December (fall fires) and beginning of April (winter fires). The overall accuracy of the mapped fire scars using unstandardised principal components analysis (uPCA) and unsupervised classifications was 85.3% (Maingi 2005) .
We built on Maingi's (2005) work by mapping fire scars to document fire history in eastern Kentucky using 18 Landsat TM (Table 1) . Next, we analysed spatial patterns of the fires and explored their relationships to human and abiotic factors. Landsat data have a relatively low temporal resolution (16-18 days), which is further exacerbated when acquired images have snow or cloud cover.
As a result, we were unable to obtain images for the years 1989, 1997, and 1998. Fortunately, available fire databases indicate that there were fewer fires and acres burned during those years (DBNF 2005) . Fire history reconstructed from satellite imagery is limited by frequency of revisits by the satellite, and therefore it is difficult to pinpoint exactly when an individual fire occurred. We were able to establish when an individual fire occurred by season; either in the fall (October through December) or winter (January through March) season by analysing successive images obtained in fall and winter, and also by examining the appearance of the fire scar. Fires that burned in the fall season appear in pale red tones whereas those that burned in the winter and early spring appear in bright red tones in a Landsat TM/ETM+ false colour composite (using bands 7, 4, 2 displayed as red-bluegreen) acquired at the end of winter or early spring (Maingi 2005) . Because Landsat data were not available for multiple dates each year, it was necessary to supplement our analysis with fires recorded over the same period in the Daniel Boone National Forest (DBNF) fire database. This database listed 2245 fires between 1985 and 2002, by location, start and suppression dates, estimated area burned, cost of suppression, and cause of fire. Use of these data allowed us to determine the exact date of each fire event, rather than relying on visual interpretation and estimation from the image data. Furthermore, we were able to analyse spatial patterns and causes of fires at a finer temporal resolution.
Study area
The study area is located in the (Hayes 2003; Wells et al. 2004) . Fire is strongly influenced by topography, so we tested relationships between fire occurrence and slope, aspect, and elevation. Fifteen 1-arc digital elevation models (at a spatial resolution of 30 m) were downloaded from the United States Geological Survey and mosaicked to provide a seamless digital elevation model (DEM) coverage of the entire state. The study area boundary was used to create a subset of the resulting DEM. The DEM was first used in the topographic normalisation (Teillet et al. 1982) of all the Landsat images used in the study prior to extraction of fire scars. Next, the DEM was used to provide elevation information, and to compute slope and aspect surfaces, which were used to assess relationships between elevation, slope, aspect, and fire occurrence. Owing to its circular nature, aspect was transformed (A ) using a modified version of the formula developed by Beers et al. (1966) : A = cos(225 − A) + 1, which assigned values of 2.00 to the south-west facing (hotter and drier) slopes and 0.00 to north-east facing (cooler and more moist) slopes, with other aspects assigned corresponding intermediate values.
Unemployment was thought to be an important indicator of arson-ignited fires. To test the pervasive claim that fire occurrence is linked to economic factors, we related fire occurrence to monthly unemployment data. The Bureau of Labor Statistics (USBLS 2005) maintains unemployment records at state, county, and local levels and these data are accessible from their webbased retrieval system for 1990 to present. We obtained monthly county-level unemployment data for 1990 through 2002.
Geographic information system (GIS) coverages for roads and populated places were obtained from both the DBNF and the Kentucky Office of Geographic Information. These datasets were used to obtain distance of fires from roads and populated places and were thought to be good indicators of human influence in arson-ignited fires.
Fire perimeters for the 1985-2002 period were reconstructed from available Landsat images. Actual fire dates for these fires were not available but could be ascribed to the season i.e. fall or winter. There were 18 cloud-free Landsat TM and ETM+ images available for the study. All images were acquired during the leaf-off season (fall and winter) as this is the only time fire scars resulting from surface fires below tree canopy are visible to satellites. Early April images were preferred because these contained the most complete record of fires since the fire season beginning in October. In addition, April images also had the least amount of shadowing because of a higher sun angle compared with images obtained in December. It was important that April images be acquired before mid-April because in eastern Kentucky, many hardwoods come into leaf such that after 20 April, fire scars become obscured by forest canopy. Of the 18 images available, 12 were acquired in the winter (March or April) whereas the remaining six were acquired in the fall (Table 1) . In 3 of the years, we had consecutive fall-winter images that allowed us to distinguish between fall and winter fires reliably. These image pairs were useful in helping identify differences in fall-winter fire spatial patterns. Point coverages of fires within the DBNF Proclamation boundary were created from a fire database obtained from the DBNF. The actual dates when these fires started and were suppressed were well known. Other attribute information included in the point fire coverage from the DBNF included estimated size, cost of suppression, and cause of fire.
Mapping fire scars from Landsat TM and ETM+ images
All Landsat images were georeferenced to a precision-corrected Landsat ETM+ image acquired on 10 May 2002. Georeferencing was implemented using at least 20 ground control points (GCPs), a first-order polynomial model, and nearest neighbor resampling, and resulted in a total root mean square error of less than half a pixel (15 m) for all images. As fires scars were going to be mapped from each image separately from the others, atmospheric and radiometric corrections beyond the dark object subtraction (Chavez 1996) for haze removal were unnecessary. It was, however, necessary to apply topographic normalisation to each image to reduce shadowing present due to the highly rugged topography of eastern Kentucky. Topographically normalised images (Fig. 2) were generated using the C-correction method (Teillet et al. 1982) and the 30-m DEM generated for the study area. Fire scar maps were obtained from each topographically normalised Landsat image using the procedure described by Maingi (2005) , which resulted in an overall accuracy of ∼85%. This method involves applying uPCA on each image, selecting resulting PC-bands with fire scar information for unsupervised classifications. It was necessary to perform additional unsupervised classifications to separate confused fire scar pixels. Once these pixels separated out, they were merged with fire scar spectral clusters that had separated during the initial classifications to produce a fire scar map.
A fire event map was created by overlaying 14 of the 18 fire scar maps. Three of the four excluded fire scar maps were removed because they were obtained from fall images and therefore the fire scars they captured were redundant, with fire scar maps derived from images obtained towards the end of the fire season in March or April (winter).
Exploring relationships between fire characteristics and abiotic and human factors
The total area burned in each calendar year was obtained from individual fire scar maps produced earlier for the period 1985-2002. The total area burned was then related to 3-month mean PDSI values for (1) January-March; (2) April-June; (3) July-September; and (4) October-December. We used Pearson's correlation analysis to examine the relationship between annual burns and 3-month mean PDSI. However, owing to the relatively small sample size of annual burns (15), the nonparametric Spearman rank correlation analysis was used to confirm the relationships.
The fire event map (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) was used to evaluate relationships between fire occurrence and elevation, slope, and transformed aspect. Pixels corresponding to the different fire event classes were extracted from the DEM, slope, and transformed aspect surfaces. The resulting fire event classes for each of the three variables (elevation, slope, transformed aspect)
were not normally distributed and therefore the non-parametric Kruskal-Wallis test was applied to test the null hypothesis that medians within the fire frequency classes were the same. If the tests revealed that there was a statistically significant difference among the medians at the 95% confidence level, boxand-whisker plots were used to determine which medians were significantly different from the others.
We used 2245 fires recorded in the DBNF database to examine relationships between occurrence of fires and human factors as indicated by proximity to roads and populated places. Roads (line) and populated places (point) coverages were used to generate surfaces corresponding to distance to roads and distance to populated places. The distance to roads surface and the fire point coverage were input into a GIS and the number of fires falling within successive buffers set at 50-m increments from 50 to 2000 m were counted. It was necessary to standardise the number of fires observed within distance buffers (by dividing the number of fires observed within each buffer by the area to obtain density) because buffer areas were unequal, making a direct comparison of number of fires across different buffers likely to be biased. The relationship between fire density (number of fires per hectare) and distance from roads was then determined using Pearson's correlations analysis and Spearman's rank correlation analysis.
The number of fires falling within successive buffers set at 500-m increments and ranging from 500 to 12 000 m to populated places were counted. Fire density was calculated by dividing the net increase in number of fires by the net increase in area for each successive increase in buffer distance to populated places. The relationship between fire density (fires per hectare) and distance from populated places was examined using Pearson's correlations analysis and Spearman's rank correlation analysis.
Results and discussion
There were 18 fire scar maps created from available Landsat TM and ETM+ images in the 1985-2002 period. Five of the fire scar maps are based on images acquired in November or December that captured fall fires only. The remaining (13) images were acquired in March or April, and therefore captured both fall and winter fires. The fire season beginning in fall 1987 and ending in winter 1988 resulted in an area burned that was at least twice as large as the next largest over the study period. Other large fires occurred in fall 1999 and fall 2001 (Table 1) As fires mapped from Landsat images were at a temporal resolution coarser than a season, fire records at the DBNF were used to construct a monthly distribution of area burned (Fig. 3) . The analysis revealed a bimodal distribution of fires with a major peak in October-November and a minor peak in March-April. Summer fires (June to August) contribute to less than 2% of the total area burned. Fires in the deciduous hardwoods of eastern Kentucky occur in the fall and winter when there is accumulated leaf litter on the ground. During the rest of the year, fires are infrequent and small in size. There are several reasons for these trends. In the fall, leaf litter is freshly deposited and has not been compacted by snowfall. This litter, especially in areas dominated by oaks, has a high proportion of air spaces, allowing fire to burn and spread more easily (Sullivan 1995) . In the winter, snow cover is more prevalent, and even after snow has melted, fuels are left moist and compacted, reducing their ability to carry fire. Weather conditions are also important: there are typically more warm, dry days in the fall than in the winter months (Smalley 1986 ). These conditions allow surface fuels to dry more rapidly, lowering fuel moisture levels to more favourable burning conditions (Pyne et al. 1996) . In the winter months, these conditions are rarer.
Relationship between seasonal distribution of fires and PDSI
The 3-month mean PDSI for the months of October-December and January-March were negatively correlated to total area burned within the 3-month period. Pearson's correlation coefficients between total area burned and the mean PDSI for October-December, and January-March, were negative (r = −0.712, P < 0.01) and (r = −0.522, P < 0.05), respectively. The October-December mean PDSI explained ∼47% of the total variation observed in area burned by fires (Fig. 4) . Spearman's rank correlations for the same variables were of similar but slightly higher magnitude than those obtained using Pearson's correlation analysis: (r s = −0.793, P < 0.01) and (r s = −0.659, P < 0.05), for October-December, and January-March, respectively. Both analyses revealed that total area burned was not correlated to the mean PDSI for April-June and that for July-September. Pyne et al. (1996) has shown that weather conditions are vitally important in controlling fire spread. Our results illustrate this well, as the number of fires is not directly linked to the total area burned. Between January and March, there are a far greater number of fires than in the fall, but they are small fires, suggesting that fuel conditions (driven by weather conditions) are not favourable for fire spread. In the fall, there are fewer fires, but these account for most of the year's burned area, suggesting that fuel conditions are much more favourable for fire spread. Given these relationships, it is not unexpected that PDSI would have strong linkages with total burned area. It is also telling that these relationships hold up for both fall and winter fires.
Spatial distribution of fires
Between 1985 and 2002, ∼396 000 ha of forest burned. Approximately 83% of this area burned once, 14% twice, and 3% thrice ( Table 2 , Fig. 5 ). Within the 30-county study area, Magoffin, Knox, Floyd, Perry and Leslie counties burned the most frequently. As the proportion of the area burning six and seven times was quite low compared with those with lower fire occurrences, these were combined with those with a fire occurrence of 5 to form the fifth fire occurrence class.
Analyses of elevation data corresponding to the five categories of fire occurrence (1, 2, 3, 4, ≥5) indicated significant differences (P < 0.01) in median elevations. Medians (rather than means) were compared using the Kruskal-Wallis test (non-parametric), because the data were not normally distributed. Box-and-whisker plots (Fig. 6) showed that no medians and their 95% confidence intervals overlapped and were thus significantly different. It is also evident that higher elevations burned more often than lower elevations. The median elevation of pixels with fire occurrences of 1, 2, 3, 4, and ≥5, were 278.3, 279.2, 326.1, 399.6, and 439.5 m, respectively (Table 3) . Elevation variations in eastern Kentucky are known to influence moisture conditions and tree species composition (Smalley 1986 ). The lower elevations are dominated by Fagus grandifolia (American beech) and Tsuga canadensis (eastern hemlock) in the bottomlands, accompanied by rhododendron in or near stream channels (Braun 1950) . The mid-slopes are dominated by Acer saccharum (sugar maple) and Tilia heterophylla (basswood), whereas the upper slopes are dominated by Quercus prinus (chestnut oak) and Acer rubrum (red maple). Greater accumulation of oak-dominated litter in the upper slopes may explain the higher fire occurrence observed in those locations compared with the mid-and lower slopes. Franklin et al. (1997) found greater litter biomass accumulation on oak-maple sites, which are dominant in the upper slopes, compared with the midand lower slopes, which are dominated by maples and beech, respectively. Furthermore, oak leaves in eastern forests are more combustible than those of other hardwood species (Sullivan 1995) . Based on the Kruskal-Wallis test, there were significant differences (P < 0.01) in median slopes corresponding to the five fire occurrence classes. The median slopes of areas with fire occurrences of 1, 2, 3, 4, and ≥5, were 4.62, 6.22, 6.95, 7.41, and 7.91%, respectively (Table 3) . Box-and-whisker plots indicated significant differences (95% confidence level) in median slopes of all five fire event classes (Fig. 7) . Fire behaviour is strongly influenced by slope angle. Steep slopes allow fuels upslope to be preheated prior to combustion, facilitating fire spread. Our results show that steeper slopes burned more frequently than more gradual slopes. Steep slopes also tend be drier, because surface runoff and subsurface flow of soil water downslope is greater than in shallow slopes, and also because partial shading of lower slopes in the morning and evening by adjacent mountains in the steep, highly dissected landscape of eastern Kentucky keeps lower slopes more moist than upper slopes (Franzmeier et al. 1969) .
Slope aspect has long been recognised as an important topographic variable as it influences the amount of solar radiation received throughout the year and has a strong effect on local air temperature, humidity, and soil moisture (Rosenberg et al. 1983) . Our results indicated that there were no significant differences in median transformed aspect values across the five fire event classes. Median transformed aspect values of pixels with burning frequencies of 1, 2, 3, 4, and ≥5, were 1.02, 1.02, 1.00, 0.97, and 0.96, respectively (Table 3 ). In the northern hemisphere, solar radiation and temperature are greatest on south-west-facing slopes (SW) and least on north-east-facing slopes (NE), resulting in an environmental gradient of decreasing temperature and evaporative demand and increasing soil moisture from SW to NE (Xu et al. 1997; Stephenson 1998) . We therefore expected SW slopes to experience more fires because surface litter is much drier and able to carry a fire more effectively than sites associated with other aspects. However, in nearby parts of Appalachian West Virginia, differences in soil moisture were not associated with aspect, and differences in growth rates between forests on north-and south-facing slopes were related to differences in energy exchange and thermal regimes rather than variations in soil moisture (Lee and Sypolt 1974) .
In the western USA where moisture is a limiting factor for plant growth and primary productivity, mesic (northern and north-eastern) slopes tend to have higher productivity Niering 1965, 1975) resulting in higher fuel loads. Drier (southern and south-western) slopes in that region typically have lower primary productivity Niering 1965, 1975) and accordingly lower fuel loads. In the eastern USA, including eastern Kentucky, slope aspect does not influence tree growth (McCarthy and Wistendahl 1988; Fekedulegn et al. 2003) in the same way that it does in arid and semi-arid regions Niering 1965, 1975) . As a result, slope aspect would not be expected to influence fire behaviour as it does in the western states.
Relationships between human factors and number of fires There were significant negative correlations (r = −0.745, P < 0.001, r s = −0.730, P < 0.001) between the fire density and distance to roads (Fig. 8) . Distance to roads explained ∼54% of the total variation observed in density of fires. In addition, there were significantly (r = −0.927, P < 0.001, r s = −0.918, P < 0.001) more fires recorded nearer populated places than in areas located further away (Fig. 9) . Distance of fires to populated places explained ∼85% of the total variation observed in fire density. Zhai et al. (2003) also found that the probability of wildfires in Alabama, Arkansas, Louisiana, Mississippi, Oklahoma, Tennessee, and Texas increased with proximity to urban areas. These findings are consistent with those of Cardille et al. (2001) who concluded that areas in Minnesota, Wisconsin and Michigan that had higher population density, higher road density, and lower distance to unforested areas were more likely to burn.
Despite the perceived link between unemployment and fire occurrence in eastern Kentucky, we found no evidence to support this. Correlation analysis between unemployment data and fire 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 % fires % area occurrence produced no statistically significant results. Arson rates in the DBNF have remained fairly steady since the mid1980s (Fig. 10) . This pattern matches that for the entire Southern Region (United States Forest Service Region 8), which has shown no increase in human-caused ignitions from 1940 to 2000 (Stephens 2005) . Region 8 (which reaches from Virginia to Texas, including Kentucky) has the highest level of humancaused fires in the USA, and this has not changed significantly over the last 60 years (Stephens 2005) . Following a 50-year moratorium on hiring non-Forest Service personnel to work on fire crews, the policy was changed in the 1980s (Ingalsbee 2000) . This policy reversal may have led to increased arson fires for forests in the western USA (Ingalsbee 2000; Stephens 2005 ), but does not appear to have had the same effect in the south-east.
Conclusions and recommendations
The objectives of the present study were: (1) to reconstruct a recent fire history of eastern Kentucky from Landsat TM and ETM+ from 1985 to 2002; and (2) determine which human and abiotic factors influence fire occurrence. We generated 18 fire scar maps from satellite images acquired between 1985 and 2002 using methods developed by Maingi (2005) . Our analysis was limited by availability of cloud-free, leaf-off images for the study area. The fire scar maps were used to create a fire occurrence map for a 30-county area in eastern Kentucky. Our analysis of remote-sensing-based fire history and existing fire history data for the Daniel Boone National Forest revealed relationships to both human and abiotic factors. The total area burned was negatively associated with the 3-month mean PDSI for October-December (r = −0.712, P < 0.01) and January-March (r = −0.522, P < 0.05). There were significant differences (P < 0.001) in median elevations of pixels corresponding to five fire occurrence categories (1, 2, 3, 4, ≥5). Higher elevations were associated with higher fire occurrence.
Likewise, there were significant differences in median slopes corresponding to the five fire occurrence categories (P < 0.001), with steeper slopes associated with a higher fire occurrence. There were no significant differences in transformed aspect values among the five fire occurrence categories. Fire occurrence was also correlated with distance to roads (r = −0.745, P < 0.001) and populated places (r = −0.927, P < 0.001). We found no relationships between fire occurrence and county-level unemployment rates.
The methods we have used to reconstruct forest fire history from satellite images can be implemented easily by forest managers in mixed hardwood forest regions of the eastern United States and other regions experiencing similar fires. Satellite images can be used routinely to update and enhance existing fire databases by providing fire perimeter information that is often lacking in a majority of forest fire databases. Development of fire occurrence maps allows forest managers to identify areas that are experiencing different burning frequencies and thereby give ecologists an opportunity to study the effects of contrasting fire regimes on species regeneration and other forest successional processes. In addition, information on factors associated with higher incidences of fires is valuable as it allows forest managers to optimise available resources needed to combat fires or educate the local population on wildfires by targeting those areas that experience the most chronic fire outbreaks and prevent unnecessary timber losses. The coarse temporal resolution of Landsat data, compounded by presence of clouds or snow makes it unsuitable to reconstruct fire history with a temporal resolution finer than a season. It would therefore be most useful to assess the feasibility of using other datasets (different spatial and temporal resolution) to supplement Landsat data. Currently, information on severity of wildfires is missing in forest databases of state and federal forest management agencies. Such information is critical to forest management as it affects how effective a fire is in promoting regeneration of oaks, which are favoured by fires. There is currently no information available on the suitability of remotely sensed data in mapping fire severity in these areas.
